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WETLANDS, a multidimensional model describing water flow in
variably saturated soil and evapotranspiration, was used to simulate suc-
cessfully 3-years of local hydrology for a cypress pond located within a
relatively flat Coastal Plain pine forest landscape. Assumptions included
negligible net regional groundwater flow and radially symmetric local
flow impinging on a truncated conical pond, deciduous cypress trees and
shallow-rooted perennial undergrowth in the pond area, and pine trees
in the upland area as well as within the outer 20% of the wetland area.
A minimal observed parameter set of daily rainfall, daily air tempera-
ture, soil characteristics, and pond geometry provided model input. The
model described temporal patterns of daily pond water and groundwa-
ter table elevations with relatively small average signed deviations of -2
and +ll cm, respectively. Potential exists for the model to be utilized as
a predictive tool for wetland hydrology, even for conditions where avail-
able empirical data for a given site is minimal and appropriate simplifjr-
ing assumptions are utilized. (Soil Science 2000;165:384-397)

Key words: Wetland hydrology, model simulation, cypress pond,
evapotranspiration, pine forest.

TLANDw ecosystems provide benefits such as
wildlife habitat, groundwater recharge, wa-

ter purification, and biomass production (Wal-
bridge, 1993). However, the hydrology of wetlands
is spatially and temporally complex as a result of
the transition between transitory fresh  water ponds
within shallow topographical depressions and sur-
rounding terrestrial landscapes. Recent hydrologi-
cal investigations of forest wetlands in the South-
ern United States provide a useful database for the
coastal plains (Crownover et al., 1995; Sun et al.,
1995;Amatya et al., 1996;Amatya et al., 1997).

Cypress-pine flatwood  forests (CPFF) wet-,
lands are defined by cypress swamps or ponds lo-
cated in coastal plain pine forests, and CPFF are
associated with shallow unconfined aquifer sys-
tems characteristic of flatwoods landscapes in the
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lower Atlantic and Gulf Coastal Plain provinces
of the southeastern U.S. (Crownover et al.,
1995). CPFF wetlands in Florida are important
ecosystems for timber production and are sus-
pected of being environmentally sensitive to land
disturbance. Forest best-management practice
guidelines are available but lack sufficient scien-
tific support. A need exists to develop manage-
ment level hydrological models to assist forest
managers in making sound decisions.

The hydrology of these shallow wetlands is
complex because the ponds are characterized by
temporally variable volumes and surface areas of
free water. Although more than 80% of annual
rainfall on CPFF wetlands may be returned to
the atmosphere by evapotranspiration (ET) (Ewe1
and Smith, 1992), the balance of rainfall (R) and
ET is nonuniformly distributed seasonally. Dur-
ing the winter months (November-March),
standing water occurs as the result of conditions
in which R > ET (Sun, 1995).During  the spring
and summer months, surface water in cypress
ponds is subject to periodic disappearance be-
cause of infrequent R and high ET.
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The hydrology of CPFF ponds also reflects
the hydrology of surrounding pine forests in flat-
woods and landscapes. Surface water in cypress
wetlands is known to be coupled with ground-
water in surrounding upland pine forests. (Heim-
burg, 1976). Net flows occur between pond sur-
face water and subsurface groundwater in
response to both regional and local groundwater
flows. Water flow for wetland ponds, as well as
for shallow lakes, is commonly categorized by
three hydrological modes: (i) groundwater dis-
charge (i.e., localized pond recharge), where
ponds act as variable strength water sinks, (ii)
groundwater recharge (i.e., localized pond dis-
charge), where ponds act as variable strength wa-
ter sources, and (iii) flow-through (i.e., regional
flow), where groundwater is transmitted through
ponds (Anderson and Munter, 1981; Crownover
et al., 1995; Sun et al., 1995).

Groundwater discharge and recharge modes
typically occur in relatively flat terrain and are of-
ten governed by localized groundwater flow;
whereas the flow-through mode is often gov-
erned by regional groundwater flow, particularly
in sloping landscapes. For conditions of minimal
regional flow, pesticides and fertilizers applied to
upland pine forest immediately surrounding a
cypress pond are more likely to contaminate sur-
face water during groundwater recharge than in
discharge modes (Fares et al., 1997). During the
flow-through mode, contaminants applied to the
forest on the up-stream side of a pond may be
particularly vulnerable to transport into the sur-
face water. Even in relatively flat terrain, the
flow-through mode has been reported to be a
common occurrence in CPFF ponds, particularly
when average water tables occur near the soil
surface (Crownover et al. 1995).

To date, only a few hydrologic models have
been applied to forest wetlands, and those mod-
els do not feature dynamic interactions between
standing water bodies in the landscape while
coupled with realistic ET submodels. A forest hy-
drology model DRAINLOB  was developed
from the field-scale agricultural drainage model
DRAINMOD  (Skaggs, 1984) to model water
management effects (controlled drainage) on the
hydrology of loblolly pine plantations on North
Carolina coasts (McCarthy et al., 1992). How-
ever, dynamic interactions between groundwater
and variable ponds are not included in DRAIN-
LOB. A distributed, watershed-scale forest hy-
drology model, FLATWOODS, was developed
to describe daily hydrological cycle for cypress-
pine flatwoods (Sun et al., 1998a). That model

utilizes a one-dimensional unsaturated flow sub-
model in the vadose zone coupled with a two-
dimensional saturated flow submodel  beneath
the water table. However, because of its large spa-
tial scales and model structure, FLATWOODS is
limited in its descriptions of interactions between
surface water and groundwater.

In this work, a multidimensional model for
variably saturated water flow in porous media is
utilized to describe local hydrology for an indi-
vidual cypress pond located within a Coastal
Plain pine forest with sandy soils over a 3-year
period (1992-1994). This model explicitly in-
cludes temporally variable ponds and dynamic
interactions with the surrounding landscape and
also includes a relatively simple but realistic de-
scription of ET.

MODEL DESCRIPTION

The local hydrology of a cypress pond/flat-
wood forest system was modeled using WET-
LANDS, a multidimensional water flow and
solute transport numerical model that provides
dynamic linkage between pond water, ground-
water, and unsaturated soil zones. Radial symme-
try was assumed in the model. WETLANDS is
an altered form of the VS2DT  model (Variably
Saturated Two-Dimensional Transport) devel-
oped by the U.S. Geological Survey (Healy,
1990; Lappala et al., 1987). Model alterations in-
clude incorporation of (i) a specifiable surface
pond having seasonally dynamic water levels over
variably inundated areas; (ii) utilization of the
Priestley-Taylor Equation to estimate potential
evapotranspiration rate ET, (L T-*)  from a min-
imum set of daily weather data (Fares and
Mansell, 1996); (iii) coupled evapotranspiration
for multiple plant species with specifiable root
zones; and (iv) hydrodynamic linkage in time be-
tween surface water in a pond and surrounding
water in the porous subsurface (soil water and
ground water). Boundary conditions available in
VS2DT  have been extended by other researchers
(Munster et al., 1994) but, to our knowledge, not
as extensively as in WETLANDS.

The Physical System
A CPFF wetland utilized specifically in the

model includes a cypress pond and the immedi-
ate surrounding flatwood  area (Fig. 1). In order to
simplify the process of modeling water flow
within the complex CPFF wetland environment,
several simplifying assumptions were made: (i)
the overall landscape was assumed to be flat since
reported slopes range from 0 to 1.6% and no
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Fig. 1.  Schematic cross section for one half of the flow
domain for the simulated CPFF system providing loca-
tions for soil layers and pond boundaries. The letter F
designates the maximum radius of the inundated
pond.

flowing streams were within the immediate
vicinity although surface flow eventually drained
into the Santa Fe River via interconnected wet-
lands (Sun, 1995); (ii) the effective pond geome-
try was approximated as a quasi-circular cone
with a maximum radius Rpmmax,  maximum pond
water height hr.,-, and irregularly shaped lower
boundary reflecting the volume of each contour
level of the actual pond; (iii) the lower boundary
of the system was parallel to the ground surface
(Sun, 1995); (iv) flow symmetry occurs along a
vertical axis passing through the center of the
pond; (v) a groundwater divide with zero hori-
zontal water flux was present along a radius at the
edge of the simulated physical system based on an
assumption of nonregional flow; (vi) a lower
boundary condition of zero water flux exists; and
(vii) radially symmetric flow may occur either
into or out of the pond from the surrounding
soil. These assumptions translate the simulated
flow domain into a large, circular, cross-sectional
surface area over the subsurface flow domain sur-
rounding a smaller, circular pond with an irregu-
lar, cone-shaped bottom boundary.

In the modeled system, elevation of the soil
surface was set as 30.30 m (point E in Fig. l), cor-
responding to the elevation of the upland well.
The lowest level in the pond was set as 29.47 m
(point B in Fig. l), based on the depth of the
pond. The horizontal limit used here for the flow
domain was 81 m from the pond center (points
A-C), reflecting the distance between the pond
well (point A in Fig. 1) and the only upland mon-
itoring well (point E in Fig. 1) for this CPFF sys-
tem (Sun, 1995). The bottom of the soil profile
was assumed to parallel the ground surface and to

occur 2 m below the ground surface (Sun, 1995).
The geometry of the pond bottom was deter-
mined by converting the volume of each succes-
sive contour level from the topographical map of
the area (Sun, 1995) into a corresponding vol-
ume for a conical pond at the same elevation.
The maximum hydrologic influence of the indi-
vidual cypress ponds on groundwater movement
in the flatwood  forest was reported to extend ap-
proximately 25 m into the flatwoods landscape,
thus justifying placement of a circular groundwa-
ter divide at 81 m radius (Sun, 1995).

The maximum pondwater height (hr-,,)  was
set to 0.60 m to reflect the maximum observed
values over the 3-year monitoring period and is
assumed to represent the elevation where surface
overflow or outflow  is allowed to occur from the
pond. Pond levels exceeded this maximum simu-
lated pond height by 6,4,  and 2 cm at days 278,
279, and 280 in 1992. These atypical values were
regarded as sampling anomalies and were thus
disregarded in setting hp-. Simulated pond
overflow was assumed to provide surface
drainage to a downstream pond but was not ac-
tually measured (Sun, 1995). The pond outflow
elevation, in turn, sets the maximum boundary
for the pond (Rrd-,,?J  at 62.8 m, and that bound-
ary was used to ehneate  the upland and wetland
areas.

Plant distributions across the terrain were set
according to the general pattern observed by Sun
(1995), i.e., cypress trees and shallow rooted (root
depth of 0.5 m) undergrowth were assumed to
occur over the circular area of the maximum
pond radius (0 < x < 62.8 m), and pines were as-
sumed to occur on the distal edge (50.2 5 x
I 62.8 m) of the pond as well as the uplands
(62.8 5 x 5 81 m).

Water Flow Equations
The system was modeled by solving two

coupled equations simultaneously, the first of
which is Richards equation (Hillel, 1980) for de-
scribing two-dimensional variably saturated wa-
ter flow for isotropic subsurface porous medium
beneath and surrounding the pond

where h(x,z) = H(x,z) + z is the water pressure
head (L), H(x,z) is the total or hydraulic head (L),
x is horizontal distance (L), z is depth (L) below
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the soil surface, t is time (T), K (h) is the hydraulic
conductivity (L T-l)  for a given pressure head h,
Q water  = Qmp  + Q,,,,- Qrain  is a combined vol-
umetric sink-source term (T-i),  QeMp  is the soil
evaporation sink (T-i),  Q,, is a transpiration sink
(T-i),  Qrain is a precipitation source corrected for
canopy interception (T-i),  CW(h) = #/ah is the
specific water storage capacity (L-l)  for a given
value of h, and 8 is volumetric water content (L3
Lm3). Although Eq. (1) is defined for a rectangu-
lar grid, the corresponding equation for cylindri-
cal coordinates is analogous to replacing x with
the radius r’ as the horizontal coordinate since x
= r’ Cos 0’ 3 r’ when 8’ = 360” is the maxi-
mum angle of rotation (Lapalla  et al., 1987).

The second equation that is coupled with
Eq. (1) provides the rate of change for water vol-
ume in the pond (L3  T-i),  based on a water bud-
get accounting for all inputs and outputs.

dVmd -
dt

[~i”-*,“tl  4ubruf-pond  + Iy,--yO.ll
(2)

where Rpond is the precipitation rate over the
pond (L T-9;  Ipond is the rainfall interception
rate by the cypress and pine trees located within
the pond (L T-l);  Epond is the surface water evap-
oration rate for the pond (L T-i);  Tpond  is tran-
spiration rate from trees within the inundated
pond area (L T-i);  ‘I!\” is the subsurface inflow
rate for the pond (L T-i);  qO,, is the subsurface
outflow rate for the pond (L T-‘);Yi,  is the sur-
face inflow rate for the pond (L3 T-i);  YoUt  is the
surface outflow rate for the pond (L3 T-i);  V and
is the volume of surface water in the pond (L3p  at
time t CT);  and A+,ond (t) and Asubru+,nd  (9 repre-
sent time-dependent surface (L2)  and subsurface
(L2) areas of water in the pond. The term [RmnnA
- Ipond  - Epond  - Tpond]  Ai,+ond  provides the &i
rainfall over the pond area.At  any  point alone the
pond-soil interface, the subsurface inflow rite is
set by the water pressure head values in the soil
adjacent to the point, and the subsurface outflow
rate is set by the depth ofwater  in the pond at the
point. By iterating the solutions of Eqs. (1) and
(2) during a time step, the soil and pond systems
are dynamically linked.

Evapotranspiration
Normalized water uptake distributions for a

CPFF landscape involving multiple plant species
were utilized for determinations of (i) potential
evaporation rates Er(x,t) that vary with time and
horizontal distance across the flow domain using

weighted leaf area index LAI(x,t) values; (ii) po-
tential transpiration rates T&x,t) that vary with
time and horizontal distance using weighted
albedo p(x,t) values; and (iii) seasonally adjusted
potential transpiration rates Tr(x,t) that change
with time for deciduous trees such as cypress us-
ing a dimensionless transpiration coefficient q,(t)
for each plant species (Fig. 2).

Simple empirical models are often used to re-
late potential transpiration (T,) to leaf area devel-
opment with time (Tanner and Jury, 1976; Sma-
jstrla, 1982). A dimensionless transpiration
coefficient, cp(t),  such that 0 5 cp(t)  % 1.0, is mul-
tiplied by T,  to provide seasonally adjusted poten-
tial transpiration, i.e., Tr*(t)  = cp(t)T,  (Hanks,
1985). Though Tr*(t)  is also influenced by the sea-
sonal change in LAI, in a system with a single plant
species, this approach is sufficient. However, for
systems with multiple plant species with varying
degrees of co-occurrence across a terrain and with
time variable canopies, i.e., differing degrees of de-
ciduousness, a mechanism must be provided to al-
locate potential transpiration among the species at
a point in time and to alter that allocation with the
changing state of the canopy.
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t r a n s p i r a t i o n  c o e f f i c i e n t ,  W,,  f o r  t h e  p l a n t  s p e c i e s  u s e d  i n
t h e  s i m u l a t i o n  a l o n g  w i t h  t h e  s p e c i e s - s p e c i f i c  m a x i m u m
l e a f  a r e a  i n d e x  (LAI)  a n d  a l b e d o  v a l u e s  f o r  t h o s e  s p e c i e s .
R o o t  a c t i v i t i e s  f o r  p i n e  w e r e  t a k e n  f r o m  V a n  R e e s  ( 1 9 8 4 )
a n d  w e r e  a r b i t r a r y  f o r  c y p r e s s  a n d  u n d e r g r o w t h .  M I v a l -
ues were from  Liu (1996) for cypress and pine and was ar-
b i t r a r y  f o r  u n d e r g r o w t h .  A l b e d o  v a l u e s  w e r e  t a k e n  from
s i m i l a r  p l a n t s  ( H a n k s  a n d  A s h c r o f t ,  1 9 8 0 ) .



In the model, this requirement is satisfied by
first defining the normalized water uptake distri-
bution, xi for the ith plant species, for each of N
plant species as

where ri (XJ)  is the weight fraction of the roots
in a depth interval relative to the total weight of
roots in the root zone for a given location x
(Nimah and Hanks, 1973), Zroot(i,x)  is the maxi-
mum rooting depth for plant species i, which was
permitted to vary with horizontal location x, and
‘pi (t) is a transpiration coefficient (dimensionless)
for plant species i that ranges from 0 to 1.0, de-
pending on relative degree of leaf presence in the
canopy for that species. Normalizing the uptake
distribution ensures that over each vertical slice
of the flow domain

N  Xrn”,  (i.3
C J Xj (x,z)  ‘P,  (0 dz = 1.0j=l  z=O (4)

For current simulations, N = 4, such that cypress
trees in the wetland, understory vegetation in the
wetland, and pine trees (both in the pond and in
the uplands) are considered. Understory plants
were not used in the upland forest. The root
zones for these plants are shown schematically in
Fig. 2. The ET submodel  has been validated pre-
viously by comparison with actual data for turf-
grass grown in lysimeters (Fares and Mansell,
1996).

A given plant species exhibits a species-
specific pattern of temporal variation in the leaf
area index, varying from some minimum to some
maximum value over an annual cycle. The tran-
spiration coefficient, ‘pi  (t), can then be estimated
by dividing the temporal variation in LA1 by the
maximum LAI. For a nondeciduous species, the
best estimate of LAI(t)  is the mean LA1 over the
annual cycle. For a deciduous species, a minimum
response curve can be approximated by defining
four temporal points in the annual cycle, (i) the
time of the first leaf appearance (cp  (t) = 0), (ii) the
time when the full  canopy is achieved (cp  (t) = l),
(iii) the time of first leaf fall (cp  (t) = l), (iv) and
the time when total defoliation occurs (cp  (t) = 0),
as well as performing linear interpolations be-
tween these points.

LA1 (including canopies and open areas be-
tween canopies) was measured earlier for the
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wetlands and uplands over time (Fig. 3) by Liu
(1996). The mean LA1 for the uplands was 2.25.
When that value was assigned to pine, the prod-
uct of that value and the qpine  (1.0 at all times)
generates an acceptable approximation to the ob-
served temporal pattern (Fig. 3). The mean over-
all value for the wetlands (cypress) was 3.22, and
the mean of the values from March to Novem-
ber was 4.58. Using the latter value as the species-
specific LA1 for cypress and multiplying by cp
(Fig. 2) produces an acceptable approximatioy;:
the observed pattern (Fig. 3).

To extend LAI(t)  to LA1 (x,t), i.e., to accom-
modate variation in multiple species root activi-
ties over the terrain, the species-specific leaf-area
index (LAI,)  (Fig. 2),  the relative root density (x,
(x,t), Eq. (3)),  and the relative state of the canopy
for the ith plant species (the transpiration coeffi-
cient, vi (t)) can be summed over all plant species
to give the weighted leaf area index, i.e.,

LAl(x,f) = 2 &(X,f)  IllI,
i=,

Potential evaporation rates,Er,  (L T-l)  for the
soil surface under forest conditions were calcu-
lated according to an equation by McKenna  and
Nutter (1984)

Ep(x,  t) = ET,(x,t) e-o.4 uflx~o (6)
where ET, is the potential evapotranspiration
rate (L T-i)  and LAI(x,t) is a weighted leaf area
index for all plants present at location x and time
t. Eqs. (5) and (6) were also utilized for water sur-
faces in vegetated ponds. For the hypothetical
case of a nonvegetated pond, evaporation was as-
sumed to proceed at the potential rate ET,.

5

I, I , I I , , I ,

J F M A M J  J A S O N D

Time (months)

Fig. 3. Observed leaf area indices (L4I) (Liu, 1996)
(solid lines) and the product of the transpiration coef-
ficient (q) and the species-specific maximum LAI,,  , . . . .-
(aasnea  lines)  for pine and cypress.
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Potential transpiration rates T&x,t)  were cal-
culated by subtracting potential evaporation rates
Ep(x,t)  from the total potential evapotranspiration
rates ET,(x,t).  The Priestley-Taylor Equation was
used to estimate ET,(x,t) rates that vary in hori-
zontal space and time for vegetated pondwater
and soil surfaces (Priestley and Taylor, 1972).

ET, (x,z=O,  t) =‘[h &I R Wu)) - Gl  (7)

where six input parameters include y the psy-
chrometric constant; X the latent heat of vapor-
ization; A the gradient of the saturation vapor
pressure-temperature curve evaluated at air tem-
perature; Rn daily total net solar radiation at the
surface of the earth; G daily soil heat flux; and OL
the Priestley-Taylor Coefficient, assumed to be a
constant that typically varies over the range 0.6 5
(X  5 1.1 (Spittlehouse and Black, 1981) for conif-
erous forests with no intercepted water. Since G
<< R,, is commonly assumed to occur for 24-h
calculations of ET, (Jones, et al., 1984), G was as-
sumed to be negligible in Eq. (7). The Priestley-
Taylor Coefficient cx represents the ratio E-/E ,
where E- is the maximum 24-h evapotranspirz
tion rate for well-watered vegetation, and Eeg is
the equilibrium evapotranspiration rate (Black,
1979). For simulations reported here, an OL value
of 0.75 was obtained by calibration of model sim-
ulations and experiment data for pondwater level
and groundwater elevation in the associated up-
land forest for an experimental pond other than
the one reported here (i.e., Pond #C). While low
growing agronomic crops have reported OL values
of 1.1 and 1.3, forests typically have values less
than 1.1 (Black, 1979). Moreover, Black (1979)
reported (Y  = 0.8 for a Douglas Fir forest in West-
ern Canada, thus implying that the value used
here is reasonable. An equation used for estimat-
ing the daily total net radiation Rn utilizes surface
albedo or reflectivity p as given in Fares and
Mansell (1996). In that equation, R,, is inversely
proportional to p.  Albedo values used in Eq. (7)
were weighted according to spatial root distribu-
tions for N plant species using

where pi is an albedo for an individual species i.
Albedo values used for cypress, undergrowth, and
pine trees are given in Fig. 2 and the values for
unvegetated soil and pondwater were 0.15 and
0.065, respectivelf  (Hanks and Ashcroft, 1980).

Potential evapotranspiration rates ET,(x,t)
were calculated using the Priestley-Taylor Equa-

tion because it is computationally simple and re-
quires a minimal weather data set that is generally
available through local weather records. The data
set includes minimum (T*,,(t)) and maximum
(T”,,(t)) daily air temperatures, location latitude,
altitude of the ground surface, ratio of actual to
maximum number of sunshine hours per day
(given as monthly values), day of the year
(DOY), and surface albedo p (Stagnitti et al.,
1989; Fares and Mansell, 1996). Procedure for
utilizing the weather data set to calculate input
parameters for the Priestley-Taylor Equation are
presented by Fares and Mansell (1996). With ap-
propriate input values, Eq. (7) can be used to es-
timate daily rates for potential evapotranspiration
(ET&x,t)) that vary in horizontal space and time.
Equation (7) is a simplified form of the Penman
Equation that is most reliable in humid climates
(Priestley and Taylor, 1977).

Actual evaporation rates E(x,t) for surface
soil are related to the evaporation sink Q,
(x,z,t)  in Eq. (1) and were calculated as dupwar
water fluxes (L T-l)  using the approach in the
VS2D model by Lappala et al. (1987):

P - h.aml

where AZ, represents the thickness of the upper-
most soil node Q and hArm  is the pressure head of
the atmosphere (L) as determined by substituting
the relative humidity h,. of the atmosphere into
the Kelvin Equation (Hillel, 1980). Following
Lappala et al. (1987),  hur = 0.90 and hA,  =
- 1450 m of water. Equation (9) is forced to apply
over the range 0 5 E(x,t) 5 Ep(x,t).  Evaporation
ceases (E(x,t) = 0) if either K(h) = 0 or h = hArm.

The water uptake rate by plant roots Q,,,,  in
Eq. (1) was calculated using a modified form of
the approach used in VS2D (Lappala et al., 1987)
to permit transpiration from major plant species
with roots distributed spatially across the flow
domain. The water extraction sink is calculated
as the sum of individual uptake rates for N max-
imum plant species

where the uptake rate (T-l)  for each species i is
given as

Q~ram-i(x,z>t)  = K(h) [h,,,pi  - h(x>z>t)l  Xi(X,t) (11)

with K(h) being the soil hydraulic conductivity (L
T-‘)  corresponding to soil water pressure head
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(L) h, hlDot+  being the root water pressure head Q
for plant species i, and xi being a root activity func-
tion in space and time (Le2)  for a given plant
species. The reciprocal of the term K(h) [hmotei -
h] in Eq. (11) rep resents the combined hydraulic
resistance to water flow in roots and in the soil.
Equation (11) limits the actual transpiration T(x,t),
which varies with time and horizontal distance
across the surface of the flow domain, such that

N  ~,‘,‘&A
T(w)  = 2 j- Q,,m-i  (XJJ) dz 5 T,  Cd (12)

i=, z=”

where Tr(x.t) is the potential transpiration rate
(L T-‘).Although  it is mathematically feasible for
T(x,t) > T,  (x,t), this is unrealistic. In this situa-
tion, Eq. (11) was scaled according to

to ensure that actual transpiration did not exceed
potential transpiration. In Eq. (li), the perma-
nent wilting point pressure head of - 150 m of
water (Hillel, 1980) was used for hroot  for both
pine and cypress trees. Equations (10) through
(13) specify that actual transpiration T(x,t) = 0
occurs in horizontal space and time when soil
water suction h I hroot or when hydraulic con-
ductivity K (h) = 0. Within the maximum pond
area, Q,,  = Qmm-pines  + Qmm.wypms~  where  Qmm-pines
and Qmnr-wmr are transpiration rates for pine and
cypress trees, respectively. Within the upland for-
est, Qtrans  = Qtrans-pines.

In order to incorporate the 1994 harvesting
of cypress and pine trees within the maximum
pond area into the simulation, the transpiration
coefficients for these species were set to zero on
Day 851 (May 1) and maintained until Day 1014
(September 10).

Precipitation and Canopy Interception
The precipitation source, Qrain, (T-l)  was re-

lated to rainfall rate R (L T-l)  by the relationship

R(v)  - 4x> 0 = Q,i,  (x,4  A.q, (14)
where AZ, is the thickness of the uppermost soil
node and I(x,t) is the canopy interception rate
calculated using

N

I = c $ ifR  2 I,  othenuise  I = R (15)I

where N is the number of plant species present,
i.e., interception cannot exceed the rainfall. Si in

Eq. (15) is the species-specific interception ca-
pacity, defined as

Si =Li  ~&,t) !fSi  ~~-myi  othenvire $ =fuwmwi (16)

where f, is the water film thickness, LAI(x,t) is
the weighted LAI, and$-,,,,  is an empirical pa-
rameter, the maximum wate;  film thickness. Fol-
lowing Rutter et al. (1975), a value of 0.2 mm for
f, was used for all plant species and values of
0.56,0.02,  and 0.02 mm were used forfwemaX prerr,

Lmaxpine,  and ~-max,,,deg,ow,,,~  respectively (gun,
1995). The LA1 value used in Eq. (16) occurs
within the range LAI,, 5 LA1 I LAI,  where the
minimum value is defined as

LAIrni”  = g q Xii  (x,t) LA4 (17)
i=l

where 0 5 0, 5 1 is a dimensionless stem-to-
canopy ratio (a value of 0.5 was used here for cy-
press trees (Rutter et al. 1975)), and xi’ is defined
by modifying Eq. (3) for the special condition
Vi(t) = 1 .O for deciduous cypress trees. Equation
(17) permits rainfall interception by stems of cy-
press trees during winter periods when transpira-
tional activity is zero.

Soil Description
Hydraulic c o n d u c t i v i t y  f o r  variably-

saturated soil was described as a function of soil
water suction head h using the analytical model
of van Genuchten (1980) in which KS  is the hy-
draulic conductivity at water saturation 8, of the
soil, m = 1 - l/n,  n, and OL are constants de-
scribing soil water characteristic data (0 versus h)
for a forested Spodosol (Table 1) similar to that
of the GNF site (Philips et al., 1989). Thicknesses
of soil horizons were also based upon the de-
scription given by Philips, et al. (1989).

Boundary Conditions
Boundary conditions were specified using

Eqs. 18 through 21. The zone along the sides of
the two-dimensional flow domain over which a
specific condition was imposed is indicated by
the characters A through F in Fig. 1 and in the
annotations to these equations. Radially syrnmet-
ric flow was assumed. The two vertical bound-
aries were specified by:

ah -- K(h) x - 0 forz E L%cI,  PZI (18)

and the bottom of the flow system (2.83 m soil
depth) was specified by:
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T A B L E  1

Hydraulic properties for soil layers used in the K-pond CPFF system (Phillips et al., 1989)

Layer Thickness a
(cm)

#l (sandy A 81  E horizons) 4 0 0 . 0 3 2 2 . 9 6 0.400 0 . 1 1 0 3 0
#2 (spodic horizon) 4 5 0 . 0 1 5 3 . 8 4 0.460 0 . 2 1 0 6
#3 (E’ horizon) 2 0 0 . 0 1 9 3 . 8 4 0.350 0 . 0 7 0 1 0
#4 (argillic  Btg horizon) 1 4 0 0.021 3 . 6 4 0.350 0 . 0 7 0 2

ah- K(h) z = 0 fOr  x E  [CJJ] (19)

These boundaries are thus prescribed as no-flow
boundaries and reflect the assumption of no re-
gional flow. Soil/atmosphere and pondwater/at-
mosphere interfaces of the system were flux
boundaries that can receive water as rainfall or
lose it through ET and were specified by:

q&,t) = - K(h) @-l]forx E [A,E’j (20)

where qO(x,t)  is the rainfall flux imposed along
the soil surface at a given time t. Subsurface flow
into and out of the pond was prescribed as a flux
boundary condition and was specified by:

q&,z,t)  = - K(h) [g+$- 11  forx  E [B, F] (21)

where qO,(x,z,t)  is the subsurface flux into the
pond (q, < 0) or from the pond (q,, > 0).

The solution of Richards’ water flow equa-
tion requires knowledge of the initial distribu-
tion of the pressure head within the flow domain
where h0 is the initial pressure head distribution
in space.

h (x,z,t)  = h0  (x,z)  at t = 0 (22)

Initial (January 1, 1992) pressure heads were as-
sumed to be at equilibrium with an observed wa-
ter table location at the pond well at a depth of
1.16 m (i.e., 29.14 m elevation). The pond was
thus assumed to be dry initially.

The uppermost soil surface (30.30-m eleva-
tion) and exposed pond sides received or lost
water according to the prevailing rainfall or sur-
face evaporation. Water reaching the soil surface
(rainfall) was partitioned into infiltration and ex-
cess water. For conditions of water saturation of
surface soil, a simple surface flow system was used
whereby excess water is routed to the next node
on the left (toward the pond center). If excess
water occurred at all surface nodes, excess water
would reach the free surface water of the pond.
Thus, runoff from the upland was approximated

as a one-dimensional process directed toward
the pond over the upper surfaces of successive
soil columns. For simplicity, the pond and the ad-
jacent uplands were regarded as a hydrologically
isolated system and the boundary conditions
were so established.

Discretization
The SIP (Strongly Implicit Method) finite

difference numerical technique was used in the
WETLANDS model to solve the water flow
equation using a block-centered regular finite-
difference discretization scheme (Lappala et al.,
1987). Spatial discretization of the #K-pond
CPFF flow system was accomplished with a vari-
able grid size. The horizontal node spacing was
set constant at Ax = A r’ = 50 cm, and the ver-
tical node spacing ranged from 0.1 I AZ 120
cm. The smallest AZ values were imposed at the
pond center and near the soil surface, respec-
tively. Time discretization was accomplished by
starting with a small At value and automatically
increasing the value as hydraulic gradients de-
creased to provide a range of 10eJ  5 At 5 10-l
days .

DESCRIPTION OF EXPERIMENTAL SITE

Simulations of pond-water and watertable
depths for a CPFF system were compared with
published field data collected from a rather flat
40-ha GNF research site in the flatwoods of
northcentral Florida (Sun, 1995). The GNF site
was located at 82” 15’ W longitude and 29” 47’ N
latitude. Pond cypress (Taxodium  uscendetn  Brongn)
dominated the vegetation in the wetland for pond
#K along with slash pine (Pintos elliotti  Engelm)
and black gum (Nyssa  sylvatica  var. bflora Sarg).
The dominant canopy tree in the uplands was slash
pine with an understory of saw palmetto (Serenoa
repens Small) and gallberry (flex &bra  Gray)
shrubs. The 30-year-old pine plantation was
thinned in 1986 leaving 500 trees per hectare
(Sun, 1995). Cypress and pine trees in the maxi-
mum pond area were harvested on May 1,1994.
The soil type was predominantly Pomona fine
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sand (a Spodosol; Utic Haplaquods; sandy,
siliceous, thermic) (Sun, 1995). Impermeable
blue-green clay approximately 3 to 5 m beneath
the general GNF area separates the shallow sandy
surf&l aquifer from an underlying artesian sec-
ondary aquifer. In the vicinity of the #K wetland,
the clay layer was observed to be roughly parallel
to and 2 m below the ground surface (Sun, 1995).

Water levels were obtained during 1992-
1994 at wells located at the pond center and at an
upland location 81 m from the pond center. Wa-
ter table elevations were continuously recorded
using punch-tape recorders. Daily tempera-
ture extremes (minimum and maximum) were
taken from weather station data collected at the
Gainsville Airport, located 8 km from the study
site. The average annual air temperature was
21 “C, with a mean monthly low of 14 “C  in Jan-
uary and a high of 27 “C  in July. Daily rainfall
was recorded at the site. Annual rainfall amounts
for 1992, 1993, and 1994 represented 113.7
(1512 mm), 85.5 (1137 mm), and 93.2% (1240
mm) of a 60-year average (1330 mm) (Sun,
1995). For this paper, 1993 is referred to as the
dry year, 1992 as the wet year, and 1994 as the av-
erage year with respect to rainfall. Annual rainfall
patterns are typically characterized by two dis-
tinct dry periods (April-June and October-De-
cember). Detailed information about the experi-
ments are provided in Sun (1995).

RESULTS AND DISCUSSION

Hydrology of the #K pond CPFF was simu-
lated for 3 years (1992-1994) using the WET-
LANDS model. Measured daily pond depths and
groundwater table depths in the uplands forest
were compared with corresponding simulated
values.

Pond ad Water Table Elevations
Observed daily water elevation of the #K

pond and associated water tables during 1992,
1993, and 1994 compared favorably with appro-
priate simulated values, as shown in Fig. 4,5,  and
6, respectively. Deviations of simulated from ob-
served values were summarized using the Aver-
age Absolute Deviation (AAD)  (Munster et al.,
1994):

Overall 3-year AAD values were 13 and 16 cm
for the pond and uplands, respectively (Table 2).
AAD  errors were maximal in the dry year (1993)
and minimal in the wet year (1992), an expected
pattern since elevation differences are magnified

--__-_____________-------
29.4 - b Bottom -

E 29.1 - Pond

f  28.8f, , , , , , , , , , ,I

w 30.3
s!
P
I-” 30.0

ii

f i
29.7

Uplands

J F M A M J J A S O N D

lime (months)

Fig. 4. Simulated (smooth lines) and observed (discrete
points) levels of surface water in the pond and water
table in surrounding upland during 1992. Day number
one represents January 1,1992.

J F M A M J  J A S O N D

Time (months)

Fig. 5. Simulated (smooth lines) and observed (dis-
crete points) levels of surface water In the pond and
water table in surrounding upland during 1993.
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Fig. 6. Simulated (smooth lines) and observed (discrete
points) levels of surface water in the pond and water
table in surrounding upland during 1994.

when the pond is emp
s

and cannot exceed the
outflow level when t pond is full. When the
AAD was calculated using signed rather than ab-
solute values, overall errors were only -2 and
+ 11 cm for pond and uplands, respectively, thus
indicating that pond level predictions were ac-
ceptable whereas uplands predictions tended to
be overestimates (wetter than reality).

Setting model transpiration coefficients to
zero for trees in the pond mimicked the overt ef-
fects of harvesting trees in May 1994. However,
the compensatory increase in the proportion of
evaporation resulted in essentially the same pre-

T A B L E  2

Mean AAD deviations of predicted and observed
pond  water and water table elevations, and simulation
mass balance errors. Standard Deviations are given as

SD .in  parentheses

Year
Cypress Pond Uplands

(cm) km)
S i m u l a t i o n
Error (%)

1 9 9 2 7 . 5 ( 5 . 5 ) - 0 . 0 6 1
1 9 9 3 2 2 . 0 ( 1 8 . 7 ) 21.11;8.4) 0.050
1 9 9 4 10.1 ( 8 . 5 ) 12.9 (11.0) 0.010
overall 13.0 (13.6) 16.3 (15.0) 0.013

na = not applicable due to lack of observations for indi-
cated period and location

dieted  quantity of water removed by evapotran-
spiration. Close examination of Fig. 6 during the
initial post-harvest period from June to October
1994 reveals very close approximation of ob-
served to simulated water levels in the pond.
Thus tree harvest within the pond was concluded
to have had a negligible effect on pond water
level during 1994.

Placement of a no-flow lower boundary (i.e.,
clay layer) in the model approximately parallel
and 2 m below the ground surface seems to be
justified during the long summer dry period of
1993 when no standing water appeared and a
groundwater table developed in the pond area
(Fig. 5). During August 1993, observed and sim-
ulated groundwater tables reached minimal ele-
vations of 28.6 and 28.7 m and 28.5 and 28.6 m,
respectively, for the center of the wetland and at
the upland well. Locations of the no-flow
boundary in the wetland and upland well sites in
the model were established at 27.4 and 28.3 m,
respectively.

From October through December of both
1992 and 1994, the model overestimated water
level in the pond, and this overestimation is a ma-
jor source of error. This period corresponds
roughly to the alteration in the pond canopy due
to the deciduous nature of cypress or to harvest-
ing. These discrepancies suggest a possible need
to explore increasing the magnitude of alpha in
the PET estimates (Figs. 4 and 6) in the pond area
specifically for these periods.

As expected, simulated water levels in the cy-
press pond were shown to be sensitive to pond
geometry, i.e., the relationship between water
storage volume and pond shape. This sensitivity
was most apparent during dry periods when very
little surface water was present in the pond.

Although the model assumptions include
zero regional flow, this constraint should not be
interpreted literally as meaning that regional flow
does not occur in the CPFF system. If regional
flow were to occur such that only moderate and
slow alterations appeared in the regional water
levels, i.e., approximately equal quantities of wa-
ter entering and exiting a defined area over a
given time period, the net effect of such a flow
on the experimental physical and time scales
would be negligible. By making the assumption
of negligible net regional flow and producing
reasonable match to reality under the assumption
simply indicates that there was no appreciable in-
troduction or drainage of water from the system
that cannot be explained on the basis of precipi-
tation and evapotranspiration within the experi-
mental system.
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Spatial Distributions of Water Levels
Net water input (NWI) provides, a conve-

nient single parameter that incorporates the net
influence of rain and evapotranspiration in a for-
est. Net Water Input is defined here as the sum
R-I-ET, where R is rainfall, I is canopy inter-
ception, and ET is evapotranspiration. For this
paper, NW1 was calculated with the model be-
cause components I and ET were simulated.

A radial transect showing a cross-section of
simulated water levels in the pond and associated
water table during selected days is presented in
Fig. 7. Day 540 during 1993 represents a period
of very negative cumulative NWI, with no sur-
face water occurring in the pond and water table
levels occurring beneath the pond bottom. Day
180 during 1992 represents a period of very high
positive cumulative NWI, with near maximum
water level in the pond and slightly higher water
table level in the uplands. During this period,
ground water in the uplands tended to flow to
the wetlands. Day 360 in 1992 also represents a
period of high cumulative NW1 but with lower
water table in associated groundwater, indicating
subirrigation of the surrounding upland forest.
On Day 720 in 1993, the pond had a small
amount of water in the bottom and a relatively
low water table level in the upland.

Net Water Input
Wetlands tend to occur in topographical de-

pressions across a landscape and are thus subject
to periodic inundation with surface water. Fre-
quency of ponded  water conditions in the de-
pression tends to be influenced heavily by net
water input. During seasonal ‘periods of high
NW1 (i.e., low ET, low I, and/or high R), wet-

30.3 r

I D a y  7 2 0
29.1 - ,

Day 540
I.,,1  ,,,I  h..  ~,,
0 10 20 30 40 50 80 70 80

Distance from Pond Center (m)

Fig. 7. A spatial transect across the pond and associ-
ated upland forest showing water levels in the pond
and water tables in the upland for selected dates.

lands tend to collect surface water as well as pro-
vide surface runoff to streams or lakes, and dur-
ing periods of low NW1 (i.e., high ET, high I,
and/or low R), surface water storage in wetlands
tends to decrease.

Simulated canopy interception accounted for
approximately 7.4% of reported rainfall over the
3-year period, with highest interception percent-
age (8.9%) occurring in the dry year (1993),  low-
est interception percentage (6.4%) occurring in
the wet year (1992), and with an intermediate
value (7.3%) occurring in the average year (1994).
Given the relative constancy of interception over
the S-year period and the limited amount of wa-
ter involved, interception is unlikely to be a strong
controlling factor in water table elevation relative
to rainfall and evapotranspiration.

Cumulative net water input (NWI) obtained
during simulations are reported in Fig. 8 for
1992, 1993, and 1994. Periods with positive cu-
mulative NW1 values (characterized by frequent
rainfall and low ET demand) indicate potential
for enhanced rise in surface water level in the
pond as well as water table elevations in the asso-
ciated uplands, whereas periods with negative
cumulative NW1 (characterized by infrequent
rainfall and high ET demand) indicate the likeli-
hood of depressed pond levels and water tables.
Positive cumulative NW1 values were observed
from January through April, indicating relatively
wet winter and spring seasons for all 3 years. The.
wettest year, 1992, had a simulated annual cumu-:
lative NW1 of 49.7 cm. Only positive cumulative
NW1 values occurred during 1992 and, on aver-
age, increased steadily throughout the year. The
driest year was 1993, with an annual cumulative
NW1 of only 3.3 cm and predominantly negative,
NW1 values firorn  the middle of May through the

iis 0.35
zl 0.25
z
P 0.15

‘Zi
mz 0.05

5 -0.05

J F M A M J  J A S O N D

Time (months)

Fig. 8. Cumulative net tiater  input (NWI)  for 1992,
1993, and 1994 simulations.
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end of October. The annual cumulative NW1
value of 19.0 cm for 1994 was intermediate for the
other years. The NW1 pattern for 1994 was very
similar to 1993 during the first 6 months but pro-
vided only positive values during the last 6 months.

Both the lowest pondwater levels and water
table elevations occurred during conditions of neg-
ative cumulative NW1 generated by low rainfall and
high ET demands. Simulated and measured pond
water levels followed very similar patterns through-
out the three annual periods. However, simulated
levels tended to overestimate observed values, espe-
cially during periods of low cumulative NWI.

Surface water occurred in the pond through-
out the wet year of 1992 as a result ofpositive cu-
mulative NWI. Simulated water table elevations
were within the upper 60 cm of soil during 1992
(data were not available for comparison). Because
rainfall was low during the dry year of 1993, giv-
ing negative cumulative NW1 values, the #K
pond was empty for a long period, especially
during summer and early fall seasons.

However, during the average rainfall year of
1994, surface water occurred in the pond during
most of the year. An exception occurred during
May and June when the pond was drained be-
cause of negative cumulative NW1 conditions.
Simulations of water table elevations in the up-
land during 1993 and 1994 provided reasonable
description of observed data. As expected, water
table elevations in the surrounding uplands at 81
m distance from the pond center were not dra-
matically influenced by changes in levels of sur-
face water in the pond.

Simulated water removal from the CPFF sys-
tem by actual ET accounted for 99.2% of the po-
tential ETr for the 3-year period reflecting rela-
tively high cumulative NW1 so that soil water
storage over the flat topography was rarely a ma-
jor limitation to transpiration and evaporation.
Overall water balance for the 3-year simulation
revealed that total water loss by ET and pond
overflow from the system represented 92% of
water input (R-I) with an 8% increase in system
water storage (pondwater, groundwater, and soil
water). Evapotranspiration and overSlow from the
pond provided 85% and 15%,  respectively, of to-
tal water loss from the system, indicating the vi-
tal importance of ET to water balance in the #K
wetland. These values are consistent with reports
by Heimburg (1976) and Sun (1995).

SUMMARY AND CONCLUSIONS

Simple cone-shaped geometry for cypress
ponds and local minimal weather data-sets were

utilized for 3 years as the primary input for the
WETLANDS computer model to produce a
successful simulation of pond water and ground-
water table elevations in a selected cypress pond/
flatwood  pine forest system. Evapotranspiration
and rainfall provide the primary hydrological
outputs and inputs, respectively, for the flat land-
scapes characterizing CPFF ecosystems..

Favorable comparisons of simulated and ob-
served daily elevations of pond water and
groundwater table surfaces for the selected CPFF
system indicate that major aspects of the complex
wetland hydrology were adequately described by
the relatively simple assumptions within the
model, including the assumption of zero net re-
gional flow. Model simulations suggest that the
hydrology for the CPFF wetland system is driven
by seasonal fluctuations in the cumulative net
water input NWI. Elevations of both pond water
and groundwater tables rose during periods of
increasing cumulative NW1 and fell when cu-
mulative NW1 decreased. Pond and water table
levels rose during winter months when magni-
tudes of cumulative NW1 became more posi-
tive. During brief periods, net water flow oc-
curred radially from the upland pine forest into
the pond (groundwater discharge mode). How-
ever, during most of the 3 years, negative NW1
tended to lower pond and upland water table lev-
els as net water flow occurred radially from the
pond to the surrounding pine forest (groundwa-
ter recharge mode).

Given the capacity to successfully describe
the hydrology of the CPFF system, the WET-
LANDS model provides a potential tool for in-
vestigating chemical transport between surface
water and ground water in forested cypress-pine
wetlands. Long-term hydroperiods in pine
forests may be simulated when climate data are
available. The model provides a tool to study hy-
drology and water quality of similar isolated wet-
lands (e.g. Carolina Bays) that are common in the
southeastern U.S.
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